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SOLAR WINI.) STREAM EVOLUTION

J. T. Gosling

University of California, Los Alamos Scientific Laboratory

Los Alamos, New Mexico 87545

Abstract Highlights of the recent progress in understanding the problem of high speed stream evolution with in-

creasing heliocentric distance are revie~ved. Crucial to this understanding are the rncasurements made in the in-

ner solar system by Helios and the outer solar system hy Pionwrs 10 and 11, \\Then coupled with observations at 1

AU these measurements aliow a testing of current theoretic,]l moc!els of stream evolution.

Ever since the pioneering measurements of Mririner 11 (Snyder et al., 19(;1) there has h, en a cxmt inud

theoretical and experimental interest in the physics of the spatial (p~irticularly the radial) evolution of high sIJeed

streams in the solar wind. The intent of this short review is to present the author’s interpreti~iion of the out-

standing clevelopments in this area of research which hnYQ occurred since the time of the 1974 Asilomar

Cr]rfcrcnce,

Prior to the almve-me,nt ioned conference, virtually all o! our experimental in format ion c(mcerning st rcnm

evolution \vas derived from in situ nletisurenwnts Innde in the ecliptic plane Let ween nhout 0.7 and 1,.5 .-\[’.

Despite the Iimite(t global I]erspective provided hy such sampling, n surprisingly large amount of kumvlc(lge \YtIs

fzlenl]ecl from such measurements. It was \vell recognized, for eXilnlplC, that vnriat ions in solar win(l !l(Nv

parrtmetc’r~ tcndt(l to be coupled to one another, prirticulnrly near the leading edges of high slmr(i stream<.

Figure 1, ~vhich shows the result of superposing 23 streams ~vhich contnined alwupt interl’;we+ (seu (I,:, Bclchcr

and DaLlis, 1$)71), i]]ustrates this c(nJplwl Varintion bl’t~veon l)ress(lre, d(wsity, flIJw sIIc(Id, and floiv direct if)n.

Such vuriatirms suggested an interpretation in terms of t hc radial steepening of Inrge anlplit ude vgl(wity \viI\ e.<.

In IIarticular, the lnrge pressure signal which tippvars (m the rising spe(Id port ion of u st rc:im wws thou[~llt t () rl..~llt

from this steepening. ‘1’h~pressure grriclient tisso~iiit~(l \vit h this pressure signnl pr(~vidc:+a t’orc(’~vhicll :I(wler:,t w+

the Ir)w speecl gns in front of the stream and decelwwtes tile high sjwerl gas within the str~iitn itsclt, I“’or(l(I.ISi-

...atinniiry cmwtnting streams, n pressure ridge develops nearly nl(jng the Archimwiiiin spiral W)t Ili\t ns the S!(NV
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‘ and tcmperhturc occur simultnnoous with thu spwti un(l fkld clinnges, nnd thut the ohservcri CIIUIWS arc cons]s-

. twit \vich m interpretation in terms ~,f shlmks.

The question arises, howevur: ‘Hnw WC41df) the Inodcls describe the prrrccsscs of strw-tm stocpening and shrxli

fnrmtition?’ The Aug(lst-Sel>t[pl,lhcr 197:1 interval Iwnvidcd m: cxccdlcnt q)porlunily to answer this questi[m sincti

the sun, the crtrth, and Pioneer 10 wwrc nrwrly ~(~il!igl~~d [it this t imc, wit h Pimmcr 10 hcing 4.5 AU from the sun.

The upper paIIcl of Figure 6 provides H direct c(mpar;slm of the sped profiles of u hruud cfmlp!cx strenm rIs

ol]+rr’”c(l nc,lr cmrth hy IMI’ 7 and nt 4.5 AU hy l)ionccr 10 during ihi~ intmwl. The I)ioncer I(-IdHt.H w~rc shit’(wi

ili time to dlw.v for (he nonnccelernted trmwil (~f the 1(’il(iing ccige of the stream from earth to l’ifmcer 1(! The ud-

vnrrcc of the lw-ding crlge of t hc Strcnrn, t Iw nvrral! sto(!prwd profile, [IIId IIW shurp jump~ in sIJccd at t h~eIc:lding

c(lgi: (d 1h~?>1 rum ill thL! I%JIILW ][) dfltil fire 1111(lU:lliI;ltiV(!!~ Cl)llSist Mlt \vith lh~ I)rt!(]id ifJllS [Jr L;IC llMJdck. ‘[’110

hId tm pine] makes fin L%r)!kit cwlpimk)n hr4wMm t hc pr(fi!c prc’diclcd !)Y a simp!r-! 1-dimensi(mnl gw

(Iyni-rlnic; ]l model (Ifurtdhrmsen, 1970) RIM] t h:lt twt unlly OIMIVMI I)y l’ioneer 10. (Tho [IM 1) 7 ohscrvnt ion,= of

speed, density, nnd pressllrc IIS the SI rmm pIIsswl I A!J wm used IIS t hc input for the CUICUIIII ion. ) ‘1’hc nmdol

a(]e(l(ii:tf?]j’ pre(iicts thu major frmturc!s of thti s]Jwfi lmJfilc IIS ohw%d nl 4.5 AU, ulthough sIn:Il] riii’1’mm’es in

det~il csiftt. It is tlJ i)c Cxp[d (’[i t iklt mfm! sfJpllisl i{”fllr(l mIIdrls ivfml(i imlJrovc t 111!(i(’t ilii(!d u;;rcclnent. A fwfwnl

KIII[iy ~)y ~)~er d Q/. (l fJ7t+) f(Jr II period d’ (’oil!iglllll~]lt of t ‘itulw’r 10 NIN1 11 lil I(i I ho SIIII 1111(1U!;illg il S!ight Iy llMJr(!

srJj)his[iciitU(] model in({icntcs tllnl this is ifl({lw({ lho ~ils(~. ‘Ishuir \vflrk sh{]\~s l]~ill th(’ 11111(1(11.~ (’i IIl [l(!~flll:it(,l’j

prdict dwwity nncl field ]Jr{iilw ns well.
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The severely altered structure of high speed st reams ut l~rgc heliocentric clistmwes makes ditficult the trrsk of

determining radial gradients of such qu;]ntities as density, tt’mperrrturc, field strength, and angular momentum

which might be compared with theoretic~l! predictions. Gohfsteirr arrd Jdzipii ( 1977) have used n mo(kl nf stream

evolution similar to those alrertcly mentioned to predict 11’tw the cvollltion uf stream structure tnight affect deter-

minantions of radial gradients. Figure 7, taken from their work, ill~lst riites how stream structure might he expected

to affect the average ion temperature as a functif)n of heliocentric distance. ‘1’hc long-short dashed line is the

adiabatic decrease expected in the absence of strcaln structure or extm-rcled mechanical heating. With stream

structure present, their model predirts a substantial departure fr(ml the adiabatic curve he:inning at about 400

R,, (1.86 Al’), a result of dissipative heating associated with shock furmatiorr. IIy assu]lling an inverse relation

het;veen density and velocity near the sun (see e.g Pizzo et al., 197;1) (h)!dstein and Jokipii also predict that the

average azimuthal velocity hcyond -4 A[J m:iy he in the rlirccti[m opposite to solar rotnti on. ‘l’his unexpected

c[lnclusi(m results because the thin high spew] gas and t l~ick i(w slwed gas experience different nccelcrati(]r]s at

the interact i“jn front, and c(]mponents of t Ilese accelernt ions are direct cd iu the azimuthal clirection (see e.g. th[?

discussifm pertaining to Figure 1).

F-or time-stationary streams, it is solar rotul i(m th;lt ultilnately drives the cwwlution ofstrwrm structure with in-

creasing heliocentric distance. ‘1’hus we might expect st renm ev(IIIlt iflll to ~mwc(’d at (iit’1’erentr[it CJSat dif”t’erent

solar l:~tit{tdcs. Sf4eS,S et al. (1975) and Sisme (1976) nave c(m~i(l(’rc.d sim])le Cxaml)l(w [Jt’the Cvoltlt ion of streams

in three dimensions. Figure 8, taken from Sisc(m’s w(wk, sh(nvs in three dimensi(ms a slI[wk s~lrfacc rrsul( ill: froln

s[r. .iIII cv{)lution. Fur this l)articular examl)lc l}c assu IIlcd a squflre-tvav[? vtlriuti{]n of speed with l[~nf:it{l(le llr~{lr

the scn, ‘l’hlecc~geof t!~e stream was aligned al(Ing [i solar rnericlian, 1~’(lrSLICII il st I(!;im the rate of st reanllil~c ctln-

~~.rgc:( c ip,:~i.lce(] by Sol:lr rot[ltioll” is ~ rnllxilllllIl] in the c(lu:itori:il l)laIIr and zero oi’~~rth(~ ]x}lr?;.As a r~~tllt, tll(’

slI(Ir!~s a~.(;ci:il~d t~itll the evoluti{)n of tllr strt~:im Ihrm cl(mst t’()th(’ sIII1 in till’ c(l~lat(~ri:ll ])I:IIIC.oltl~’r sll~wh
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surf~ce geometries are obtained \v]lerl O1lC ~harlg(:~ the illitia] })oun&uy conditions. INevertheless, the result of

Siscoe and Suess et ~l. has genera] ~PP}icatioIl: Streallls \vhr}se spntia] wi[it hs arc aearly constant with Iat itude

near the sun should evo]v~ with incr(;a~ing he]i[)(,clltri(; fiistancc at a dower rilt(! at higher solar Ia!itudcs. Tests of

this prediction should be possible tvith the solar i’olar Xlissi(m exl)erinmnts scheduled for launch in 19S3.

[Jntil very recently, the stu(iy of the probiem of streanl evolution in O [iilncnsions.was Iimitcxi to special cases

such as we ha~’e jb+{ tliscussed. Pi220 ( ]!377, Ig;s), ]Imveycq-, has succeetied in cieveitJping a nmlillar 3-

ciimensional code to study stream evolution. Figures 9 an(i 1(1 iliust ri~te the applicat ion oft his code to the evoiu-

t ion of a simple stream for which the raciial velocity al(me is a funct ion of Ijosition fit the inner houmiary. Since

the wurre sllifii(~ is ;I sp]lere, ~)izxo lI:IS chtv+n to rL’~)!cwnt t~;is :;-]) str(,om ii> a conlour plot Jlroj(;ctd (III I(I :1

globe of radius 0.16 AU (Figure %). ‘i’iw stream rises from a Ilnilornl s(lrroun(iing 11(Nv(I[ 2% kill s-’ to ii I)LIak ot

WI km S-l at the equator. ‘~he circuhtr pattern an(i even sl)acing (Jt’ tile contours iIldi(’atC that the ril(iia] \’t!kJcity

variations arc symmetric about the strenrn core. Figure 9b shows a vc!locity-vdor plot oft h(?nrmraciial m{d ims

at 1 AU resulting from the stream steepening superpostld (Jn density contours at 1 AIJ, Pressure anti tcmp[’rature

variations are identical to the density ~iiriiltion:+ since th(’ (I()(ie is n(iial)atic. ‘1’he compact a(ion of cknsit y con-

tours on the western edge of the strcanl nn~i the Ivi(ie slmcing of cent (mrs (In the cmstern rIcigcIilitwt ri~tc t II(R

fnnliliar co]n])rt’ssion rtnci r:lrefucti(m in density c:Iusecl by strt,iinl ste(’lwnitlg. Azimu[ ha] aIl(i meri{ii{jnal mo(ii)ns

arc driven i)y the pres~urc ~rra(iients which result from the streiltn st(w’pening. N1aximuw nonri~dii]l mot it)t~socc(lr

where the ~r~l{iient is steepest. The figure hclj)s t () (’n]])!]i~~i~tit lie tioiv O( mot erial :IIVLIYfrom the romprcssion :III(i

dc,e ;, :, :;::l,

int f) ,h. ,,,. - action. Because the nonra(iitii motions in(!(lced I)y st r(jn]]l evo!ution are snlal], a stre:iln sucii as tl]i;

.:,- 1 . . ..! ~~’J~hII] latltll(l~’c l;iwr~ lo iiillstr~(t(’.~this lb’ sho\~iw tll~ (iis])l;lrrlllcnt (Jan (Irigill:llly uniforln

+ 25 kmh
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grid of :narkers placed in the stream flo~v. l)ixzo cfuIcIudes that streams \vhich arc sharply hounded in lat i( llcle at

(SWi 3K should remain relatively sharply bounded ever thcrei~fter.

Irrdeed, recent observat]r)ns dosugg(. that many streams are sharply hoNnrled in latitude close to the sIm. Our

best evidence for this comes from the Helios okcrvations n(>ilr ().3 ill~ fSchII!crtn et al., 1978). F’igure 1 I H SII(U.VS

Helios measurements of ~o]ar v ind speed as a function of solar l(,n:it u(k) just prior to perihelion passage, tqwt her

\vith 131P 7, 8 rneaslrremen(s of the sppe(] at I A[J and c(mt(mrs of C[)rollill I)riglltness (roughly pmport ima! to C(Jr-

wrrtl c!ectron ciensity) at 1.,3f{O.Hoth the Ileli(]s and IAl]> lr]ci]~llre]]lellts have heen rnrrpped to a common rndi,(i~

OfO.] .~~- using the constant speed npproximnt ion. The track ()!’ thr ttvo spacwraft in solar latitude iln(l hmgil LI(I(J

i< rlole(! (JY1 t)le bottom p:lIle]. ])l!rirlg this Sol[lr r’ot :]fi(~ll th(. ~[)q(”e~rilf’t Iv(:re at ;I]lnost id(’ntical I;!fi{!l[{(l.+, ol)f{

both ${ J:?ceCl”{ift S~\\VCSse)l!i~l]~ the Samp SolLlr \$’iIld s[rll(.tllr’~). ]1 i+ a\)il:lrL?ll( (Il:lt thCI 2 Illajor S1r~ii[l)!i olr+,rtcd

riuril:: t his m~iit ion originated in the 2 largt’ cor{lnitl II(IICSJvhich mt endu(l fwm eit lwr Imle (d’t11(>sur (I(IJIn to t h,’

equ:i!(!:ial regi(ms. Figure 11).) illus! nitr++ a cotnl)lctt’ly (!ift’ercnt ‘Iegrce of correlation Atnined shortly ii!tlr

perihelion pa<sage when the Sp~CL’Crilft \vere se})aratml I)y -’100 in tat it(l(le. Note how’ I Ielios passe(! ttir llIIrtlI 01”

the corona! hole nwtr 90° longitude HIIC1complet cly miswrl the <t ream there. From t hrs(l (dwrv:it i(ms Sch\vcr]r] ct

al, h:. ve Ci~!C\ll[itCd thiit the latitudinal gradient in sl)iit~(li~t the CCIXC*(It’ this str(~ii]]l \vas ~t least 30 Iiln S-l dog-i,

and m3y have bum as Iarj;e its 100 km s“’deg”’. [)IIC S\iillloii (1(1,’= 110! Irlilli(’ ii s;)ring, t{ll(i {)!1(?Sllilrj) fi’(lg(’Cl Str(’iiln

d,,ej nf,t e>tahlish a general rule. Nf,verthelc.ss, thrse (,lJ+rvati(,ll:< :ire ill[rig{j;ng, and \Vol’li 1)~ otll~.”rs((’g. h’}20ClP.s

the eonwq)t of strlwms sh:lrpl.v ht)LIIIdLI(lin I:it itll(!e fit a varic’ty of ~list~il]ces frm~ t!w
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